In this work, we apply a physically-based model, namely the HIRESSS (High REsolution Stability Simulator) model, to 11 forecast the occurrence of shallow landslides at regional scale. The final aim is the set-up of an early warning system at 12 regional scale for shallow landslides. HIRESSS is a physically based distributed slope stability simulator for analysing 13 shallow landslide triggering conditions in real time and in large areas using parallel computational techniques. of Dora Baltea's river floodplain to 4810 m a.s.l. of Mont Blanc. In the study area, the mean annual precipitation is about 18 800-900 mm. These features lead to a high hydrogeological hazard in the whole territory, as mass movements interest the 19 70% of the municipality areas (mainly shallow rapid landslides and rock falls). In order to apply the model and to increase its 20 reliability, an in-depth study of the geotechnical and hydrological properties of hillslopes controlling shallow landslides 21 formation was conducted. In particular, two campaigns of on site measurements and laboratory experiments were performed 22 with 12 survey points. The data collected contributes to generate input map of parameters for HIRESSS model. In order to 23 take into account the effect of vegetation on slope stability, the contribution of the root cohesion has been also taken into results, carried out using a database of past landslides, has provided good results and a good prediction accuracy of the 27 HIRESSS model both from temporal and spatial point of view. A statistical analysis of the HIRESSS outputs in terms of 28 failure probability has been carried out in order to define reliable alert levels for regional landslide early warning systems. 29 30 Nat. Hazards Earth Syst. Sci. Discuss., https://doi
vegetation strongly affects the mechanical and hydrological soil behaviour, and in particularly the shallow landslides 48 triggering processes. Except for particular contexts, the vegetation constitutes a mitigating element for the instability 49 (Chirico et al. 2013) . The stabilizing action of the vegetal communities in the slopes vadose zone is mainly due to 50 reinforcement of the soil by the root network (increase of the tensile strength) (Gray and Sotir, 1996; Vergani et al., 2017) . 51
In this work, we apply the physically based model, named HIRESSS (Rossi et al., 2013) 
in Eastern part of Valle d'Aosta 52
Based on the result obtained from the granulometric tests, the analysed soils are predominantly sands with silty gravel (Fig. 3  121 and Table 1) . 122
Regarding the index properties, the natural soil water content values were predominantly about 20% by weight, with a 123 maximum and minimum values of 5.1% and 26.2%, respectively. These values reflect their different ability to hold water in 124 their voids. The measured natural unit weight (γ) was variable between 15.3 kN/m 3 and 21.7 kN/m 3 , depending not only on 125 the different grain size distribution but also of different thickening and consolidation states. Regarding saturated unit weight 126 (γsat) the measured values range between 18.2 kN/m 3 and 21.5 kN/m 3 (Table 1) . 127
The Atterberg limits (LL and PL) were measured on samples with a sufficient passing fraction (> 30% by weight) through 40 128 ASTM (0.425 mm) sieve. For sandy prevalent samples, LL values are predominantly around 40% of water content (% by 129 weight), while the PL is around 30% (Table 1) . 130
The effective friction angle varies between a minimum of 25.6° and a maximum of 34.3°, while the effective cohesion 131 ranges from a minimum of 0.0 kPa to a maximum of 9.3 kPa. Consistent with the presence of sandy soils, the saturated 132 permeability values were around a medium-high value of 10 -6 m/s. The minimum and maximum values were found between 133
1.36·10
-7 m/s and 1.54·10 -5 m/s. Considering the poor variability of samples, the permeability values were relatively 134 homogeneous and in accordance with the values reported in the literature (Table 1) . 135
Evaluation of root reinforcement 136
Root reinforcement is due to root tensile strength that is usually greater than the tensile strength of soil. Conversely, soil has 137 a greater strength to compression, therefore the overall effect is a strengthened matrix soil, in which stresses are relocated 138 from sediments to roots (Greenway, 1987) . Consequently, the strength of rooted soil results from sediments nature (cohesion 139 and friction angle), root strength and strength of soil-roots bonds (Waldron, 1977; Waldron and Dakessian, 1981; Ennos, 140 1990) . Regarding strength parameters, roots seem to affect the cohesion parameter only, while the friction angle would be 141 poorly or not at all interested by reinforcement (Waldron and Dakessian, 1981; Gray and Ohashi 1983; Operstein and 142 Frydaman, 2000; Giadrossich et al., 2010) . Most commonly used models to quantify rooted soils strength are based on a 143
Mohr-Coulomb failure criterion for unsaturated soil in which a term representing root reinforcement is added (Eq. 2): 144
where τ is the soil-shearing resistance, c' effective cohesion, μa the pore-air pressure, μw the pore-water pressure, φb the angle 146 describing the increase in shear strength due to an increase in matric suction (μa -μw), σ the normal stress on the shear plane, 147 φ' the effective soil friction angle, and cr the increase in shear strength due to roots. The root reinforcement (or root 148 cohesion) can be considered equal to (Eq. 3): 149 where Tr is the root failure strength (tensile, frictional, or compressive) of roots per unit area of soil, Ar/A the root area ratio 151 (proportion of area occupied by roots per unit area of soil), k a coefficient dependent on the effective soil friction angle and 152 the orientation of roots. The measure of cr varies with vegetal species, within a single species depends on how plants respond 153 to environmental characteristics and fluctuations. 154
In view of all that has been mentioned so far, it is necessary to consider the root cohesion in calculating FS and consequently 155 in applying HIRESSS model. The additional cohesion induced by roots assumes different values not only depending on plant 156 species and environmental characteristics, but also on depth of soil, as roots diameter and density vary with latter. Because of 157 such evidence, studies on roots cohesion of different species report values as function of depth of soil. In the area of the case 158 study, soils have thinner thickness than those ones in which such studies are carried out. In such thin soils, root systems 159 organize their growth depending on available space not reaching the same depth of roots of thick soils. Consequently, in this 160 context root cohesion of species at the different depth is dissimilar related to literature values. Considering this, map for 161 variation of root cohesion is processed taking for each species the minimum cohesion (among those specified for each 162 species at the different depth) reported in literature. By doing this, contribution of vegetation to stability of slopes is 163 considered in FS calculate and at the same time, it is avoided an overestimate of root cohesion. 164
In the area, root cohesion defined as mentioned above ranges from a minimum of 0.0 kPa (mainly in the outcrop area, to 165 maximum of 8.9 kPa (in the area occupied by mountain maple situated on the left bank of river Dora Baltea). 166
HIRESSS description 167
The physically-based distributed slope stability simulator HIRESSS (Rossi et al., 2013 ) is a model developed to analyse 168 shallow landslide triggering conditions on large scale at high spatial and temporal resolution using parallel calculation 169 method. Two parts compose the model: hydrological and geotechnical (Rossi et al., 2013) . The hydrological part is based on 170 a dynamical input of the rainfall data which are used to calculate the pressure head and provide it to the geotechnical stability 171 model. The hydrological model is initiated as a modelled form of hydraulic diffusivity, using an analytical solution of an 172 approximated form of the Richards equation under the wet condition (Richards, 1931) . The equation solution allows us to 173 calculate the pressure head variation (h), depending on time (t) and depth of the soil (Z). The solutions are obtained by 174
imposing some boundary conditions as described by Rossi et al. (2013) . 175 The geotechnical stability model is based on an infinite slope stability model. The model considers the effect of matric 176 suction in unsaturated soils, taking into account the increase in strength and cohesion. The stability of slope at different 177 depths (Z values) is computed since the hydrological model calculates the pressure head at different depths. The variation of 178 soil mass caused by water infiltration on partially saturated soil is also modelled. The original FS equations (Rossi et al., 179 2013) were modified taking into account the effect of root reinforcement (cr) as an increase of soil cohesion (c') according to 180 the Eq. 4: 181
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where  is the friction angle, α is the slope angle, d is the dry soil unit weight, y is the depth, w is the water unit weight, h is 185 the pressure head, hb is the bubbling pressure, and λ is the pore size index distribution. In saturated condition the equation of 186 FS (Rossi et al., 2013) becomes (Eq. 6): 187
where γsat is the saturated soil unit weight. 189
One of the major problems, associated with the deterministic approach employed on a large scale, is the uncertainty of the 190 static input parameters or geotechnical parameters of the soil. The method used for the estimation of parameters spatial 191 variability is the Monte Carlo Simulation. The Monte Carlo simulation achieves a probability distribution of input 192 parameters providing results in terms of slope failure probability. The developed software uses the computational power 193 offered by multicore and multiprocessor hardware, from modern workstations to supercomputing facilities (HPC), to achieve 194 the simulation in reasonable runtimes, compatible with civil protection real time monitoring (Rossi et al. 2013) . 195
HIRESSS input data 196
The HIRESSS model loads spatially distributed data arranged as input raster maps. Therefore, point data and parameters 197 have to be adequately spatially distributed. In this application the spatial resolution was 10 m and 12 raster maps of static 198 input parameters were prepared. These input raster were ( Fig. 4) : slope gradient; effective cohesion (c'); root cohesion (cr); 199 friction angle ('); dry unit weight (γd); soil thickness; hydraulic conductivity (ks); initial soil saturation (S); pore size index 200 (l); bubbling pressure (hs); effective porosity (n); and residual water content (qr). 201
The slope gradient (Fig. 5a ) was calculated from the DEM (Digital Elevation Model). Effective cohesion, friction angle (Fig.  202 5b), hydraulic conductivity (Fig. 5c ), effective porosity ( Fig. 5f ) and dry unit weight (Fig. 5g) , were obtained, spatializing 203 according to lithology, the soil punctual parameters derived from the in situ and laboratory geotechnical tests and analysis 204 carried out as described in sect. 3.1. Soil thickness (Fig. 5e ) was calculated by the GIST model (Catani et al., 2010; Del 205 Soldato et al, 2016) . Soil characteristic curves parameters (pore size index, bubbling pressure, and residual water content) 206 were derived from literature values (Rawls et al., 1982) and they are constant in whole area. Root cohesion values (Fig. 5d) analysis. Moreover, considering the lithological and land use maps the exposure rock mask (Fig. 5h) was prepared, so that 212 HIRESSS model avoided the simulation on steep rock slopes areas. The parameters are showed in Table 2 for all lithological  213 classes. 214
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In the study area, the rainfall hourly data from 27 pluviometers were available, therefore it was necessary to spatially 215 distribute them to generate 10x10 m cell size input raster to ensure the correct program operation. The rainfall data were 216 elaborated applying the Thiessen's polygon methodology (Rhynsburger, 1973) modified to take into account the elevation. 217
Thiessen's polygon methodology, in fact, allows us to divide a planar space in some regions, and to assign the regions to the 218 nearest point feature. This approach defines an area around a point, where every location is nearer to this point than to all the 219 others. Thiessen's polygon methodology do not consider the morphology of the area, so the alert Zone B was divided in three 220 catchment areas and the polygons were calculated for each rain gauges considering the reference catchment basin (Fig. 5) . 221 event led to many landslides triggered during these days (as reported in the database). Also the probability maps show high 247 values during these days (Fig. 8 c, d) . 248
The temporal validation was also carried out considering daily cumulative rainfall compared to the landslide failure 249 probability. In particular, a median of landslide occurrence probability was calculated for four pluviometric areas identified 250 by Thiessen's polygons methodology, modified according to limits of river basins, both for the event of May 2008 and for 251 the April 2009 event (Fig. 9 a, b) . As it could be expected, the results show that when the highest rainfall intensity is 252 measured, the highest probability of occurrence is computed for the all areas and for both events. 253
Spatial validation was performed following a pixel by pixel method: this method is the most complex since it consists in 254 comparing the probability of instability of each pixel with the pixels involved in the actual event that occurred. This 255 validation implies a great deal of uncertainty in the results since the reports of landslide events may have errors on the 256 precise spatial location and on the size of the phenomenon. To overcome this problem and taking into account probable 257 errors caused by the actual spatial location in the database, an area of 1 km 2 (called influence area) around the point of the 258 landslide were considered in the validation analysis. Inside the influence area, pixels that have the 75% of probability of 259 failure were considered instable. 260 note that inside the red circle the red and yellow area increase on 30 May with respect to 24 May. In this case, the model is 263 able to identify correctly such movement. To better highlight this validation, Figure 10c shows the number of pixels above 264 75% of probability calculated by the model, within the circular area of about 1 km 2 around the all landslides occurred during 265 the event of 2008. For some of the reported landslide events, the number of pixels above 75% increases on 30 May,2008, 266 only in case of the Champdepraz and Montjovet 2 events the probability does not increase. This may be caused by the low 267 precision of location of the reported landslide, and maybe because some of the real landslides reported are other types of 268 movements (rockfalls, rotational slides) that can not simulated by the HIRESSS model. 269
Discussion 270
The final aim of the physically-based modelling for landslide prediction is to set-up an early warning system at regional 271 scale based on the model output. The validation of the results performed in the previous section showed that the HIRESSS 272 model performs good results with good prediction capacity both from a spatial and temporal point of view. In this work the 273 HIRESSS model computes the daily probability of occurrence with a spatial resolution of 10 m. In order to become an active 274 and proficient early warning system it is necessary to define a method for the interpretation of the probabilistic results (e.g., 275
definition of probability values corresponding to alert thresholds). Furthermore, in order to have more usable results 276 especially for public administration and civil protection authorities it is necessary to possibly aggregate the model outputs 277 temporally and spatially. 278
In particular, we selected a spatial aggregation method at the municipality level. Three level of failure probabilities (low, 279 medium and high) are defined based on the expert-judged analysis of the cumulated frequency of the municipality median 280 values of failure probability in the most critical day of the event (e.g., highest rainfall and failure probability). This procedure 281 was done for the two events described in Sect. 4, defining for each of them different failure probability thresholds. 282
Once defined the three classes of probability, each municipality was classified according to the median value of probability 283 inside its perimeter for each day. The results for the two analysed events are shown in Fig. 11 and Fig. 12 . It is worth to 284 notice that for some municipalities with the increase of rainfall intensity there is an increase of failure probabilities values 285 from low (green) to red (high) that can be further translated in alert levels. The validation reported in Table 3 show the 286 number of landslides for each failure class (low, medium high). It is worth noticing that for both events the majority 287 landslides are located in the municipalities with low and medium HIRESSS probability of occurrence. 288 Figure 11 and Figure 12 are examples of how the model results can be analysed but the validation results are not satisfactory. 289
The results have to be refined and the approach should be tailored to end users needs and requirements, in particular, the 290 following aspects should be taken into account: 291 -spatial resolution: we have selected the municipality as spatial level of aggregation but also another types of spatial 292 units (e.g., first or second order basins, Rossi et al., 2013) should be defined for each spatial unit of the early warning system based on a sound statistical analysis of HIRESSS 300 results. To do a satisfactory analysis is necessary to have a good dataset of past triggered landslides. 301
Conclusion 302
The HIRESSS code (a physically-based distributed slope stability simulator for analysing shallow landslide triggering 303 conditions in real time and in large areas) was applied to the eastern sector of Valle d'Aosta region in order to test its 304 capability to forecast shallow landslides at regional scale. The model was applied in back analysis to two past rainfall events 305 that have triggered in the study areas several shallow landslides between 2008 and 2009. The outcomes of the model are 306 daily failure probability maps with a spatial resolution of 10 m. In order to run the model and to increase its reliability, an in-307 depth study of the geotechnical and hydrological properties of hillslopes controlling shallow landslides formation was 308 conducted. In particular, two campaigns of on site measurements and laboratory experiments were performed with 12 survey 309 points. The data collected contributes to generate input map of parameters for HIRESSS model. The effect of vegetation on 310 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-425 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 2 January 2018 c Author(s) 2018. CC BY 4.0 License. slope stability in terms of root reinforcement has been also taken into account based on the vegetation map and literature 311 values producing a map of root cohesion. To evaluate the model performance both temporal and spatial validation were 312 carried out, and in general for both the simulated events the computed highest daily probability of occurrence corresponds to 313 the days and the areas of real landslides. 314 Nat. Hazards Earth Syst. Sci., 13, 151-166, doi:10.5194/nhess-13-151-2013 , 2013 Simoni, S., Zanotti, F., Bertoldi, G., and Rigon, R.: Modelling the probability of occurrence of shallow landslides and channelized debris 388 flows using GEOtop-FS, Hydrolog. Process., 22, 532-545, 2008. 389 Tofani, V., Bicocchi, G., Rossi, G., Segoni, S., D'Ambrosio, M., Casagli, N., and Catani, F.: Soil characterization for shallow landslides 390 modeling: a case study in the Northern Apennines (Central Italy), Landslides, 14, 755-770, doi: 10.1007 Landslides, 14, 755-770, doi: 10. /s10346-017-0809-8, 2017 Vergani, C., Giadrossich, F., Schwarz, M., Buckley, P., Conedera, M., Pividori, M., Salbitano, F., Rauch, H. S., and Lovreglio, R.: Root 394 reinforcement dynamics of European coppice woodlands and their effect on shallow landslides, a review Earth Sci. Rev., 167, 88-102, 395 doi:10.1016 Rev., 167, 88-102, 395 doi:10. /j.earscirev.2017 Rev., 167, 88-102, 395 doi:10. .02.002, 2017 
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Eng., London, 1, 125, 1957. 400 Waldron, L. J.: The shear resistance of root-permeated homogenous and stratified soil, Soil Sci. Soc. Am. J. 41,843-849, 1977. 401 Table 1 . Geotechnical properties of survey points (grain size distribution, Atterberg limits, index properties, permeability and shear strength parameters). Table 3 . The number of landslides for each failure class. Correlation graphs between the daily cumulative rainfall and the median of landslide occurrence probability for both events.
5 Figure 10 . An example of landslide event happened in the Arnad municipality compared to landslide occurrence probability map, a) before and b) after rainfall event. c) Number of pixels above 75% of probability calculated by the model for all the landslides triggered during the event in the study area.
